The discovery in primitive components of meteorites 1,2 of large oxygen isotopic variations that could not be attributed to mass-dependent fractionation effects has raised a fundamental question: what is the composition of the protosolar gas from which the host grains formed? This composition is probably preserved in the outer layers of the Sun, but the resolution of astronomical spectroscopic measurements is still too poor to be useful for comparison with planetary material 3, 4 . Here we report a precise determination of the oxygen isotopic composition of the solar wind from particles implanted in the outer hundreds of nanometres of metallic grains in the lunar regolith. These layers of the grains are enriched in 16 O by >20 6 4‰ relative to the Earth, Mars and bulk meteorites, which implies the existence in the solar accretion disk of reactions-as yet unknown-that were able to change the 17 O/ 16 O and 18 O/ 16 O ratios in a way that was not dependent strictly on the mass of the isotope. Photochemical self-shielding of the CO gas irradiated by ultraviolet light [5] [6] [7] may be one of these key processes, because it depends on the abundance of the isotopes, rather than their masses.
The isotopic composition of solar particles implanted in the first tens to hundreds of nanometres of lunar soil grains can be successfully measured by ion microprobe shallow depth profiling [8] [9] [10] . Comparisons 4 of such lunar-sample-based estimates 9, 10 of solar N and C isotopic compositions with recent spacecraft-based equivalents demonstrate that lunar soil samples are appropriate proxies for monitors of the solar isotopic ratios. The implanted solar O signal is anticipated to be most easily detectable in the metallic grains of the lunar regolith as they are free of structural O. We extracted 199 metallic grains and 36 sulphides by hand magnet from the Apollo 17 lunar soil sample no. 79035. Their average size is 34 mm, the maximum being 113 mm. Their composition was found to be either Ni-free Fe (58% of them) or Ni-bearing alloy (42%). These two types of metallic grains correspond respectively to indigenous lunar magmatic grains and to meteoritic grains delivered to the Moon by impacts 11 . Sample 79035 is thought to have been exposed to solar radiation 1 to 2 Gyr ago 9 , and both types of grains are a priori suitable for the detection of implanted solar particles. We performed multi-collection depth profiling of 16 O, 17 O and 18 O isotopes in a subset of 38 metallic grains and 4 sulphides selected for their size and flatness (see Methods for details). An isotopic signal that can be ascribed to implanted solar O was detected in only eight grains and was most prominent in five grains (seven different profiles), which are described in the following. A typical depth profile of the O isotopic compositions and O concentrations (called here [O] ) is shown for one metallic grain in Fig. 1 . All the oxygen isotopic compositions and concentrations at various depths for the metallic grains are shown in Fig. 2a 13 . These analyses revealed that the first few per cent of O and Si released by fluorination of minerals of the soil samples were extremely mass fractionated (d 18 O < þ50‰ and d 30 Si < þ25‰), which was ascribed to some fractional vaporization/condensation of materials at the grain surfaces 13, 16 . Finally, and most importantly, the large deviation of some data in Fig. 2a from the TFL demonstrates the presence in all the grains of a fourth component with a strongly 18 O < 220‰ are likely for this fourth component, though these values cannot be determined precisely from the present set of data and could be even lower.
The component with a D 17 O value of less than 220^4‰ (1j) can be identified as implanted solar energetic particles (SEP), for the following three reasons. First, it cannot be derived by massdependent fractionation processes from any of the three terrestrial and lunar components mentioned above. In addition, it has no equivalent in commonly observed meteoritic components delivered to the surface of the Moon. Second, the depth at which it is observed (100 nm to .1 mm) corresponds for an implanted component to a kinetic energy of 6 to .100 keV per nucleon for the incident ions 17 . This is higher than the typical energy of 1 keV per nucleon for the normal (or slow) solar wind (SW), and suggests that it corresponds to suprathermal solar ions such as those ubiquitously observed in the high-energy tail of the normal SW flux. Third, the mixing systematics in a D by ion microprobe analysis of metal particles from lunar soil sample no. 10084. A direct comparison with our results is hampered by the lack of data concerning the variation of the concentration with 2 instead has no effect on the calculated nebular gas composition.
depth of this component, which seemed however rather abundant at the surface (,4 wt%) of the metal. The reason for the absence of this component in the metal grains of lunar soil 79035 is not clear. We note however that sample 10084 might be a relatively young soil compared to 79035, and that several non-solar components (for example, planetary volatiles) can be expected to be more abundant in such samples 20 . Because the isotopic fractionations taking place during the acceleration of the SW and SEP are mass dependent 21 , the present data imply that the D 17 O value of the solar atmosphere is that of SEP, that is, less than 220^4‰. This value is probably that of the protosolar gas to within a few per mil (ref. (Fig. 3 ) the solar atmospheric composition should lie along the left side of the mass fractionation line of slope ,0.52 passing through the SEP composition. Independently, the oxygen isotopic composition of the protosolar nebula plots most probably along a line with a slope of exactly one (ref. 22 ) defined by primary phases in Ca-Al-rich inclusions (CAIs), which are considered to be within chondrites the earliest phases condensed from the nebular gas. 29, 30 which do not plot on a line of slope ,1 passing through the protosolar nebula values. The possibility of non-mass-dependent reactions (such as those involved in the synthesis of ozone 27 or occurring during self-shielding of ultraviolet light by the presolar 7 or protosolar gas 5, 6 ) has been demonstrated by laboratory experiments and/or astrophysical observations, respectively. We note here that self-shielding operating in a solar or presolar CO and N 2 gas could explain, at least qualitatively, the systematic enrichments in 16 O, 12 C and 14 N we demonstrated for the solar gas relative to planetary materials 9, 10 . If so, most inner Solar System solids (terrestrial planets and asteroids) must have acquired their 'non-solar' oxygen isotopic compositions during condensation and isotopic exchange in a gas irradiated by ultraviolet light, which places strong constraints on the few regions of the solar accretion disk where this is possible [5] [6] [7] . A
Methods
Ion probe analyses were performed at CRPG-CNRS (Nancy, France) using the Cameca ims-1270. Most of the technical details are similar to those previously described 9, 10 , and therefore only the outlines and the major differences compared to the previous approach are emphasized here. Metallic grains were collected from a bulk lunar soil sample (79035) by a hand magnet. No polishing or cleaning of any sort was applied to the grains. They were embedded in an indium foil and coated with gold. The grains were sputtered with a 0.5-1.5 nA primary Cs þ beam using electron flooding. This primary beam of 25 mm diameter was rastered over 10 mm £ 10 mm to prevent contaminating oxygen residing at the surrounding surface from being transmitted to the central part (that is, the analysed part) of the rastered area. A sputtering rate of 0. O). Because of the use of the cold trap in the sample chamber (vacuum of ,2 £ 10 29 torr) and of the generally low H content of metallic grains (implanted solar H was largely lost by volume diffusion in the present grains, which were exposed more than 1 Gyr ago and were often mildly heated after then), the intensity of 16 . We used polished terrestrial magnetites and olivine as primary O standards, and unpolished lunar silicates as running standards. These silicate grains, which accompanied the metallic grains on hand-magnet separation, were embedded in the same indium foil, and were frequently measured between metallic grain measurements. The instrumental mass discrimination for 18 O/ 16 O ratio was about 25‰. The amounts of O blank and O in the indium foil (potentially included in the sputtered area when small grains were measured) were low enough to neglect their contributions in our sample data. The two major limiting factors on the precision of the O isotopic analyses were (1) the low counting rates at depth (
O
2 down to ,5 £ 10 5 counts s 21 at the very end of a few depth profiles) in the samples, and (2) the variation of instrumental mass fractionation with orientation or flatness of the unpolished lunar grains (inducing a slight shift of the secondary ion beam pathways). The linearity and offset of the Faraday cup used to count 16 O 2 was carefully monitored by analyses of silicate standards at low count rates. The uncertainty on the correction for instrumental mass fractionation can be seen in the 4‰ range measured for d
18 O among unpolished lunar silicate grains, which is higher than the 2‰ range reported among different lunar silicates 13, 14 . However, this uncertainty does not impinge on the determination of the D In the Bardeen-Cooper-Schrieffer theory of superconductivity, electrons form (Cooper) pairs through an interaction mediated by vibrations in the underlying crystal structure. Like lattice vibrations, antiferromagnetic fluctuations can also produce an attractive interaction creating Cooper pairs, though with spin and angular momentum properties different from those of conventional superconductors. Such interactions have been implicated for two disparate classes of materials-the copper oxides 1,2 and a set of Ce-and U-based compounds 3 . But because their transition temperatures differ by nearly two orders of magnitude, this raises the question of whether a common pairing mechanism applies. PuCoGa 5 has a transition temperature intermediate between those classes and therefore may bridge these extremes 4 . Here we report measurements of the nuclear spinlattice relaxation rate and Knight shift in PuCoGa 5 , which demonstrate that it is an unconventional superconductor with properties as expected for antiferromagnetically mediated superconductivity. Scaling of the relaxation rates among all of these materials (a feature not exhibited by their Knight shifts) establishes antiferromagnetic fluctuations as a likely mechanism for their unconventional superconductivity and suggests that related classes of exotic superconductors may yet be discovered.
Cooper pairs, which have zero net spin and angular momenta in conventional superconductors, condense into a macroscopic quantum state that is separated energetically from all unpaired electrons by a finite gap D. Because of this gap, measurements that probe the electronic density of states near the Fermi energy exhibit a thermally activated temperature dependence below the superconducting transition temperature T c . On the other hand, Cooper pairs formed by the exchange of antiferromagnetic spin fluctuations possess even parity and non-zero angular momentum 5 ; consequently, the superconducting energy gap is not finite everywhere but vanishes at points or along lines in momentum space. These gap nodes have a profound influence on the properties observed at low temperature. For any finite temperature, well-defined electronic excitations or quasiparticles reside at these nodes, and measurements sensitive to the electronic density of states exhibit power-law variations with temperature that depend solely on the topology of the gap zeros.
The high-T c copper oxides and certain Ce-and U-based compounds, called heavy-fermion materials, have unconventional, nodal superconducting gaps and support antiferromagnetic fluctuations that lead naturally to these gap structures. These fluctuations common to both classes of materials are a consequence of strong electron-electron correlations: both the d-electrons in the copper oxides and the f-electrons in the heavy fermion materials experience strong on-site Coulomb repulsion that introduces elements of both localized and itinerant behaviour. In the d-electron materials these correlations create a Mott insulator in the undoped case and in the f-electron systems lead to enhanced effective electron mass. PuCoGa 5 crystallizes in exactly the same structure as does one of these unconventional, heavy-fermion superconductors: CeCoIn 5 . Their common crystal structure and similarities of magnetic properties derived from nearly localized f-electrons suggest that PuCoGa 5 may also be an unconventional superconductor. However, the T c of PuCoGa 5 is nearly an order of magnitude higher than that of CeCoIn 5 (T c ¼ 2.3 K, the highest T c among heavy-fermion systems) 6 , but comparable to that of many conventional superconductors, such as Nb 3 Sn (T c < 18 K). Without a direct probe of the gap symmetry of PuCoGa 5 it has been impossible to differentiate conclusively between these two scenarios.
Nuclear magnetic resonance (NMR) and nuclear quadrupolar resonance (NQR) are powerful techniques used to make this distinction [7] [8] [9] [10] [11] [12] . Both techniques probe the density of quasiparticle excitations, N(E), with excitation energy E above the Fermi energy, and reveal information about the spin state of the Cooper pairs and the pairing symmetry of the gap function in momentum space, D(k). We have used NMR and NQR to measure the Knight shift, K s , and the nuclear spin-lattice relaxation rate, T 1 21 , of the 59 Co and 69,71 Ga nuclei in the normal and superconducting states of two samples of PuCoGa 5 . Figure 1a shows a series of 71 Ga NMR spectra obtained from Sample A (see Methods) from which the total Knight shift K tot is determined straightforwardly. Similar data were collected from 59 Co NMR (not shown). The temperature dependence of these shifts, plotted in Fig. 1c , reveals a pronounced drop in K tot of both 71 Ga and 59 Co nuclei at T c . In the normal states Solid lines are fits to the low-temperature data. c, The total magnetic shift K tot of the 59 Co and 71 Ga(1) versus temperature.
